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Abstract 
 
This paper investigates in vitro the hypothesis that the frequency profile of ultrasound 
reflections may be used to characterise degradation and osteoarthritic progression in 
articular cartilage, irrespective of the effects of transducer orientation. To this end, 
ultrasound echoes were taken in the time domain from the articular surface and 
osteochondral junction of normal, collagen meshwork-disrupted, proteoglycan-depleted 
and osteoarthritic samples, converted to the frequency domain by Fast Fourier Transform 
and analysed. Our results show the significant effects of specific enzymatic degradation 
programmes on the ultrasound frequency profile of reflections from the cartilage surface 
and osteochondral junction, and their manifestation in the tissue surrounding a focal 
osteoarthritic defect. Collagen meshwork disruption was most apparent in the profile of 
reflections from the articular surface, while proteoglycan depletion was most clearly 
observed in the reflections from the osteochondral junction. The reflected signals from 
the osteochondral junction may further contain information about the subchondral bone. 
From these results it is proposed that the analysis of specific frequencies of reflected 
ultrasound signals has the potential to differentiate normal from degraded articular 
cartilage-on-bone, when the angle of incidence can be controlled within a ±1.2° limit. 
This encourages further research into the effects of progressive artificial degradation of 
the cartilage matrix and subchondral bone on the spectral profile to quantify the 
relationship between the frequency profile and the level of specific degradation in 
naturally degraded joints. 
 
 
 
 3 
Introduction 
 
The functional structure of articular cartilage is a fluid swollen biological gel which 
primarily comprises of a meshwork of collagen fibrils and negatively charged 
proteoglycans to which the fluid is bound. Osteoarthritis and related joint degeneration 
involves the degradation and associated dysfunction of this articular cartilage structure, in 
addition to the less visible and less often measured stiffening of subchondral bone and a 
change in the synovial fluid properties. In the early stages of articular cartilage disease, 
homeostasis may be disrupted by mechanical and/or biological changes so that the matrix 
will begin to break down through an imbalance in the selection of proteinases and 
inhibitors [1]. As a result, early stage osteoarthritis is characterised by a loss of 
proteoglycans [2] and disruption to the collagen network, particularly in the superficial 
zone [3]. The subchondral bone responds to the change in mechanical properties by 
stiffening and increasing in density [4]. 
 
Aiming to characterise the progression of osteoarthritis, there has been an increased 
interest in using ultrasound techniques to quantify and qualify the physical properties of 
articular cartilage [5-10]. Such systems tend to concentrate on the mechanical “stiffness” 
of the cartilage matrix measured from cartilage surface ultrasound, and often use the 
amplitude of the reflected ultrasound signals in their analysis. To date, few researchers 
have considered the frequency profile of cartilage ultrasound signals, with those few (eg 
[5,11,12]) generally using it to calculate an integrated reflection coefficient. 
 
Influence of orientation on ultrasound signals 
 
For the same site on the cartilage surface, a change in the incident direction of an 
ultrasonic pulse relative to the material interface will affect the amplitude of the reflected 
wave, as can be seen in Figure 1. This effect is undesirable if any measurement based on 
the amplitude of an ultrasound signal is intended for assessing/distinguishing cartilage 
samples as a very small change in angle (<1°) can result in a large change in the 
amplitude, with very little signal seen above 1°.  
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Hypothesis 
 
We hypothesise that information from specific bands in the frequency domain of 
reflected ultrasound signals has the potential to differentiate normal from degenerate 
cartilage. In this respect an incidence angle-independent parameter for characterising the 
structure and structural changes in articular cartilage that are due to degeneration such as 
osteoarthritis can be established. Furthermore, we propose that the frequency-dependent 
absorption, relaxation and resonance characteristics of articular cartilage-on-bone will 
depend on the structural integrity of the matrix and the cohesion between the 
proteoglycans and the collagen meshwork.  
 
 
Materials and Method 
 
In order to test our hypothesis, a total of 240 ultrasound echoes (20 per joint in a 4x5 
grid) were taken from the saline-cartilage and cartilage-bone (osteochondral junction) 
interfaces of 12 normal bovine patellae. 6 of these patellae were then depleted of their 
proteoglycan content and 6 were treated to disrupt the collagen network, before retesting. 
Both of these types of modification are commonly observed in naturally degraded 
articular cartilage, and can therefore be argued to represent discrete parts of the 
degradation process [2,3,13]. Finally, a joint with focalised osteoarthritis was tested to 
examine the application of the reflection coefficient to the natural degradation process. 
 
Specimen Preparation 
 
Intact joints were taken from oxen within 24 hours of slaughter, wrapped in a 0.15 M 
saline soaked cloth and stored at -20ºC. Prior to testing, the joints were thawed overnight 
in saline, according to the method of Broom and Flaschmann [14].  
 
Experimental Set-up 
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Ultrasound scans were obtained over the surface of normal cartilage-on-bone samples 
immersed in saline. All ultrasonic examinations were made at a fixed distance of 
approximately 3 mm using a φ3 mm, plane 10 MHz contact transducer (V129 
Panametrics Inc., Massachusetts USA), sampling at 50 MHz and connected to a 
pulser/receiver as illustrated in Figure 2. This was in turn connected to an oscilloscope 
and a personal computer through an ADC200 analogue to digital converter (Pico 
Technology Limited, Cambridgeshire, UK). Surface and bone-end echoes were captured 
in each test and recorded using PicoScope software (Pico Technology Limited, 
Cambridgeshire, UK).  
 
Degradation Protocol 
 
After testing, the normal cartilage-on-bone samples were artificially degraded by either 
disrupting the collagen meshwork or removing a large portion of the proteoglycan 
content. To disrupt the collagen meshwork the intact patellae were immersed in 0.15 M 
phosphate-buffered saline containing 30 U.ml-1 collagenase (Sigma C0773 protease free, 
Sydney, Australia) for 18 hours at 37ºC. These were then blotted dry and returned to 0.15 
M saline before re-testing. 
 
In order to remove the proteoglycans, the normal intact patellae were treated for four 
hours in 0.1 mg.ml-1 of trypsin (from bovine pancreas T4665, Sigma-Aldrich, Australia) 
in phosphate buffered saline. Trypsin generally acts only to remove proteoglycans, but 
may attack collagen molecules which have been previously cleaved. This effect is likely 
to be minimal in the 4 hour degradation of a normal articular cartilage matrix. However, 
the lack of specificity of the action of trypsin on the general matrix of articular cartilage 
should be noted as a possible limitation in this study.  
 
The osteoarthritic patella contained a 7 mm diameter International Cartilage Repair 
Society grade 4 (exposed bone) [15] focal defect at the distal extremity of the patellar 
ridge. The remaining joint surface was visually normal. Ultrasound scans were taken at 
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the edge of the defect and at intervals along the patellar ridge, measured by distance from 
the edge of the defect.  
 
After completion of the degradation programme, the joints were sectioned and frozen for 
histology, arresting the enzyme action. The histological quantification techniques are 
fully explained in previous papers [16,17].  In summary, the proteoglycan content and 
distribution was measured by staining with Safranin-O, followed by absorbance profiling 
under monochromatic light source using a Nikon Labo-Phot polarized light microscope 
(PLM). PLM was also used without staining to detect and quantify the presence of an 
oriented collagen network, quantified by birefringence.  Standard histological procedures 
were employed. 
 
 
Signal Analysis 
 
The captured ultrasound signals from the cartilage surface and osteochondral junction 
were processed and converted to the frequency domain using a Fast Fourier Transform 
routine in MATLAB (The MathWorks Inc, USA, version 7.0.4.352). Zero padding was 
employed to increase the apparent spectral resolution. Two parameters were used to 
determine the most appropriate frequencies for distinguishing normal from degraded 
articular cartilage, statistical significance of the derived from the student’s t-test, and the 
level of absolute overlap. 
 
The t-test, while powerful, assumes a normal distribution in the samples and as such may 
be limited in its ability to elucidate the changes if the distribution of samples is non-
normal. The overlap parameter was therefore used in addition to the statistical 
significance parameter to describe the probability of distinguishing a randomly selected 
sample as being either normal or degraded, without assuming a particular sample 
distribution. An overlap value closest to 1 is preferred as it represents a better 
discrimination between the sample groups. It should be noted as a possible limitation in 
this study that the overlap calculation will be strongly influenced by outlying data. 
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In order to determine the frequency ranges that best describe changes to the proteoglycan 
and collagen content, the results from the student’s t-test and overlapping test were 
obtained and the values were plotted in their respective graphical formats. The resulting 
frequency bands were then compared for the two parameters. In an attempt to account for 
amplitude changes due to the alignment of the ultrasound transducer with the sample, 
results were baselined against a set frequency. For clarity, we have used the notation F0 
for the frequencies from the original data, and F1 for the frequencies adjusted against the 
baseline frequency FBL. The student’s t-test and the overlapping test were also coded in 
the MATLAB environment, using a band criterion of >0.5 MHz to reduce the influence 
of noise.  
 
Results  
 
The frequency profile of the signal reflected from the acoustic mirror (highly polished 
stainless steel) in saline is shown for reference in Figure 3. The peak reflection occurred 
at a frequency of 8.4 MHz, with a gradual decay with increasing and decreasing 
frequency. The bandwidth of interest for this study is limited to the 0-10 MHz range. 
 
Representative histological results from the artificial degeneration programme are shown 
in Figure 4. The collagen meshwork (Figure 4A) was found to be reduced in the 
superficial area of the cartilage following the 18 hour treatment but the deeper zones did 
not appear to be affected. From Figure 4B it is apparent that the proteoglycan content, 
shown by the area under the curve, is almost completely depleted after the four hour 
treatment. Figure 4C shows the histological sections at different distances from the 
arthritic defect. Figures 5 and 6 show the typical frequency profiles of the ultrasound 
echoes obtained from the surface and osteochondral junction respectively. Both sets of 
curves were characterised by a band of low reflection between 1 and 2.2 MHz, and a 
reflection peak between 7 and 8.4 MHz. 
 
Qualitatively, the average frequency profile of the surface echo for proteoglycan-depleted 
samples, shown in Figure 5, showed distinct differences when compared to the normal 
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samples. In this respect, it was characterised by a right-shifted and lower amplitude band 
of low reflection, and a more exaggerated 3.6 MHz peak. Further differences included a 
lower amplitude and left-shifted reflection peak at approximately 7.8 MHz and a more 
distinct trough at 4.4 MHz. The surface echoes from the collagen-disrupted samples 
showed a generally lower amplitude compared to the normal and proteoglycan-depleted 
samples. The profile was similarly proportioned to that of the normal samples, with an 
extended and more complex band in the 1-5 MHz range. 
 
The frequency profiles of the reflected signals from the osteochondral junction, shown in 
Figure 6, were more tightly grouped than the surface echoes. When compared to the 
normal samples, the proteoglycan-depleted samples were characterised by a right-shifted 
band of low reflection, and a consistently lower amplitude signal in the 1 to 5.6 MHz 
range. A right-shifted and slightly higher amplitude reflection peak was further observed 
at 7.6 MHz. The collagen-disrupted samples were characterised by a distinct 3.2 MHz 
trough which was not observed in the normal samples. Also observed were a deeper 5 
MHz trough and a lower and right-shifted reflection peak amplitude at approximately 7.4 
MHz. 
 
Figure 7 shows the frequency profiles, baselined at the frequency corresponding to the 
reflection peak, for the data presented in Figure 1. The frequency profiles at angles 
smaller than ±1.2° were tightly grouped, with a distinctly different profile at angles 
greater than ±1.2° at the same site. 
 
Using results from the student’s t-test and overlap test, the frequency reference values 
that showed the most change with degradation for both the surface and bone reflections 
were obtained and presented in Table 1. The alternate test scores for the corresponding 
“best” frequencies are also provided, ie, where the statistical significance test is used to 
find the best frequency reference value, F0, the results of the overlap test for this 
frequency are also shown for comparison. 
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The baselined frequency profiles were analysed in the same way as the original profiles 
and are presented in Table 2 for the overlap test (OL) and Table 3 for the statistical 
significance test (P). For each case, the baselining frequency and alternate test scores are 
provided. 
 
Figures 8 and 9 show the frequency profile of the surface and osteochondral junction 
echoes from the osteoarthritic joint sample. Both plots show a complex change in the 
region within the first 4 mm from the defect, with a further change occurring at a distance 
of 8-12 mm from the defect. A more constant signal can be observed with increasing 
distance after 12 mm. The pattern of baselined frequencies from Tables 2 and 3 around 
the focal defect are shown in Figure 10. 
 
Discussion 
 
The main purpose of this experiment was to analyse the frequency profiles of ultrasound 
echoes obtained from cartilage-on-bone samples as an exploratory assessment and 
differentiation of the structure of articular cartilage and the structural changes that are 
associated with degradation and osteoarthritis. Our data demonstrate that changes to the 
frequency profile characteristics of articular cartilage-on-bone, due to scattering, 
absorption and reflection correlate with the structural integrity of the matrix and the 
cohesion between the proteoglycans and the collagen meshwork. Following our analysis 
we have been able to specify the frequency changes between the reflected ultrasound 
signals from normal intact cartilage-on-bone, and those from degraded and diseased 
samples. 
 
The penetrating nature of ultrasound allows it to be more readily applied for detecting 
changes in deeper zones of articular cartilage than the more commonly used surface echo 
or mechanical indentation techniques. The surface echoes, shown in Figure 5, are most 
likely to give information and insight into the general bulk modulus and density of the 
matrix, as well as superficial damage such as fibrillation and microcracking [11,18]. The 
osteochondral junction echoes, for which the signal passes through the full depth of the 
cartilage matrix, would be expected to allow more insight into the deeper zone changes to 
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the collagen meshwork and proteoglycan macromolecules [19,20]. As can be seen in 
Figure 6, however, the reflected signals from the osteochondral junction do not 
necessarily provide a more complex profile when compared to the cartilage surface 
echoes in Figure 5.  
 
The amplitude of the ultrasound signal from articular cartilage is highly dependent on the 
orientation of the transducer with respect to the reflective surface, the strongest signal 
occurring when the transducer is perpendicular to the surface, with signal strength rapidly 
decreasing with increasing deviation as shown in Figure 1. Although a guide was used to 
hold the ultrasound transducer in place and minimise this misalignment in our 
experiments, it can be assumed that this type of effect was not completely eliminated, 
thereby introducing some degree of error. It would be expected, however, that in each 
case the error was less than ±1°. 
 
An interesting finding of this study was that the frequency profile remained consistent up 
to ±1.2°, after which an increased peak in the 3-5 MHz band was observed, as well as a 
left shifted overall peak. This effect may indicate a difference between the specular and 
diffuse reflection profiles, though further work will be required in this area to delineate 
the responses and relate them to structural characteristics. With a change in orientation of 
less than ±1.2°, the value of the amplitude at any single frequency changed, but the 
overall pattern/profile of the reflected signal’s frequency response remained the same, as 
shown in Figure 7. This observation suggests that certain frequency characteristics of the 
proteoglycan-depleted or collagen-disrupted samples could contribute to the 
differentiation of normal from degraded joint tissues only when the angle of incidence 
can be controlled within a ±1.2° limit. The specularity of the reflected signals suggests 
that scattering within the matrix may play a major role in the profile of reflected signals. 
 
Most qualitative changes in the frequency profile of the osteoarthritic sample’s surface 
echo occurred at lower frequencies. From Figure 8 we can see that although an amplitude 
change occurred up to approximately 15 mm from the defect at high frequencies (6-10 
MHz), the overall profile changed very little. The clear difference between the frequency 
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of the major reflection peaks for normal and degraded samples in Figures 5 and 6 were 
not observed in either of the osteoarthritic sample profiles, indicating that the entire 
sample could be degraded, despite the fact that only a focal defect was visible.  
 
In the frequency band between 1 and 5 MHz, the surface reflection profile changed 
considerably, resembling the more complex patterns of the trypsin- and collagenase-
treated samples in Figure 5. The higher frequency band above 6 MHz changes very little 
in shape, despite an apparent amplitude change, and may therefore be less useful for 
characterisation than the lower frequency region due to the orientation problems 
discussed above. 
 
The frequency profiles from the osteochondral junction echoes show a more distinct 
qualitative change, particularly in the region within 5 mm of the defect, than the profile 
from the surface echo, most likely due to changes in the subchondral bone coupled with 
structural changes in the overlying cartilage matrix. These profiles appear similar to the 
collagenase-treated samples shown in Figure 6, with more exaggerated reflection bands 
in the lower frequency range at approximately 3.2 and 5 MHz. The more subtle changes 
in the frequency profiles of the reflections from the osteochondral junctions of the 
trypsin-treated samples in Figure 6 were not clearly observed in the profile for the 
osteoarthritic osteochondral junctions, relative to the normal samples. Of additional 
interest was the ultrasound reflection taken from within the defect (0 mm), which shows a 
complex pattern with multiple, sharp peaks and troughs due to the highly degraded state 
of the reflecting surface and the absence of the overlying cartilage matrix. 
 
The quantitative examination of the normal and degraded samples showed that, in its 
original form presented in Table 1, the amplitude of certain reflected frequencies changed 
with high significance, although this did not correspond to a high overlap score. Further, 
the frequencies that changed with the most significance or best overlap did not 
necessarily coincide with the most visibly apparent features of the frequency profile. As 
the overlap calculation does not invoke an adherence to a certain distribution, it may be 
affected by outlying data, but more importantly by changes in the overall amplitude due 
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to small changes in the orientation of the transducer with respect to the surface or the 
irregularity of the osteochondral junction interface. Some of these factors may be 
accounted for in the baseline-adjusted scores in Tables 2 and 3. These ratios showed a 
considerable improvement over the use of the raw profile presented in Table 1. Despite 
this improvement and the good levels of significance obtained, the overlap scores 
remained low for the surface reflections from proteoglycan depleted samples, and to a 
lesser extent the osteochondral junction reflections from collagen disrupted samples in 
accordance with previous investigations [19,21]. Proteoglycan depletion and collagen 
meshwork disruption are therefore most accurately described by the reflected signals 
from the osteochondral junction and articular surface respectively.  
 
The ratios in Tables 2 and 3 provided a generally consistent profile around the 
osteoarthritic defect, as shown in Figure 10. The surface reflection parameters based on 
collagen meshwork disruption peaked at 6-8 mm from the defect, before decreasing 
slightly and levelling out. This peak may be related to the up-regulation of collagen 
synthesis by the chondrocytes in the osteoarthritic process [22-24], though higher sample 
numbers will be needed to establish this trend. The reflection parameters from the 
osteochondral junction, based on proteoglycan depletion dropped considerably in the first 
5 mm before levelling out. Each of these parameters reached a plateau at approximately 
10 mm from the edge of the defect. Further testing will be required to determine the 
sensitivity and accuracy of these ratios, and form a model that can predict the level of 
proteoglycan or collagen degradation.  
 
Although this work is in its early investigative stages, the analysis of cartilage 
degradation using frequency data from ultrasound signals shows promise for the 
quantified characterisation of articular cartilage and the subchondral bone. These results 
encourage further research concentrating on site- and thickness-dependence, the 
progressive artificial degradation of the cartilage matrix and subchondral bone to quantify 
the relationship between the frequency profile and the level of specific degradation, as 
well as the relationship between the frequency profiles of progressively degraded samples 
and those from naturally osteoarthritic joints.  
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Figures 
 
 
Figure 1: The effect of orientation on the reflected signal from the articular surface. 
Samples were taken from approximately 3 mm from the articular surface with 
angles of incidence measured by vernier protractor (±5’ resolution). 
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Figure 2: The experimental setup. 
 
 
 
Figure 3: Frequency profile of the ultrasound signal from the perfect reflector (highly 
polished stainless steel).  
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Figure 4: Representative histological profiles of the normal and degraded cartilage 
specimens: (A) the collagen birefringence profiles of normal and collagen 
disrupted cartilage, measured by polarized light microscopy; (B) the proteoglycan 
content and distribution patterns for normal and proteoglycan-depleted samples, 
taken from the optical absorbance measurement of safranin-O stained sections; 
(C) shows the birefringence and safranin-O staining patterns at 4, 8 and 24 mm 
from the focal defect. 
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Figure 5: Average frequency profile of the ultrasound echoes of normal, collagenase-
treated and trypsin-treated samples from the cartilage surface. 
 
 
Figure 6: Average frequency profile of ultrasound echoes of normal, collagenase-treated 
and trypsin-treated samples from the osteochondral junction. 
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Figure 7: Frequency profiles, baselined to the peak reflection frequency, at different 
angles of orientation with respect to the articular surface. 
 
 
 
 
Figure 8: Frequency profile of ultrasound echoes taken from the cartilage surface at 
different distances from an osteoarthritic focal defect. 
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Figure 9: Frequency profile of ultrasound echoes taken from the osteochondral junction at 
different distances from an osteoarthritic focal defect. 
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Figure 10: Profiles of the baselined ultrasound reflection frequencies of highest overlap 
and significance from Tables 2 and 3, taken from the cartilage surface and 
osteochondral junction at different distances from an osteoarthritic focal defect. 
Based on the results in Tables 2 and 3, data from the surface reflections were used 
to measure the collagen meshwork disruption, with osteochnondral junction 
reflections used to measure proteoglycan depletion. 
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Tables  
 
Table 1. F0 and its related overlap and statistical significance. Frequency values are given 
in hertz. 
 
Degradation Method Overlap F0_OL Significance Significance F0_P Overlap 
Surface 0.22353 2.9 x 106 >0.1 <0.005 9.3 x 106 0.002 Trypsin  
(4 Hours) Bone 0.29032 2.9 x 106 <0.05 <0.01 9 x 106 0.129 
Surface 0.3818  6.5 x 106 <0.05 <0.005 3.5 x 106 0.045 Collagenase 
(18 Hours) Bone 0.2 5.2 x 106 <0.005 <0.001 5.8 x 106 0.161 
 
 
 
 
 
 
Table 2. F1_OL, FBL_OL and their related overlap and statistical significance. Frequency 
values are given in hertz.  
 
Degradation Method Overlap F1_OL FBL_OL Significance 
Surface 0.45 2 x 106 8.3 x 106 <0.005 Trypsin 
(4 Hours) Bone 0.75 5.3 x 106 6.6 x 106 <0.005 
Surface 0.6  1 x 106 5.2 x 106 <0.001 Collagenase 
(18 Hours) Bone 0.2  1 x 106 5.2 x 106 <0.001 
 
 
 
 
 
 
 
 
Table 3. F1_p, FBL_p and their related overlap and statistical significance. Frequency values 
are given in hertz. 
 
Degradation Method Significance F1_P FBL P Overlap 
Surface <0.001 1.7 x 106 8.8 x 106 0.36 Trypsin 
(4 Hours) Bone <0.001 2.8 x 106 6.4 x 106 0.6 
Surface <0.001 4.0 x 106 7.2 x 106 0.45 Collagenase 
(18 Hours) Bone <0.001 1 x 106 5.2 x 106 0.2 
 
 
